Introduction
Poly(ADP-ribose) polymerase-2 (Parp-2) belongs to a family of enzymes that catalyze the transfer of ADP-ribose polymers to acceptor proteins. Among Parp family members, Parp-1, Parp-2, and Parp-3 catalytic activity has been shown to be stimulated by DNA breaks. 1, 2 Poly(ADP-ribosyl)ation, in response to DNA damage, coordinates chromatin decondensation around lesion sites, orchestrating the recruitment of repair proteins. Accordingly, these Parp proteins play a dual role in the DNA damage response, as damage sensors and signal transducers to downstream effectors through their physical association with or by the poly(ADP-ribosyl)ation of partner proteins. 2, 3 Parp-1 and Parp-2 possess overlapping functions as indicated by the early lethality of the double mutant embryos. 4 Biochemical and structural studies increasingly predict that Parp-2 has particular targets and/or interacts with specific protein partners, [5] [6] [7] suggesting functions independent of Parp-1 that only start to emerge. Parp-2 has been shown to be required for spermatogenesis, 8 suppression of activation-induced deaminase-induced IgH/c-myc translocation, 9 adipocyte differentiation, 10 regulating SIRT1 expression to control body energy expenditure, 11 and T-cell development and genomic stability in thymocytes accelerating spontaneous tumor development in Parp-2/p53-double-null mice. 12, 13 Mice lacking critical components of the DNA damage response machinery have been shown to display severe hematopoietic phenotypes, [14] [15] [16] [17] demonstrating that an appropriate DNA damage response is essential for the maintenance of normal hematopoiesis. 18, 19 The hematopoietic system is maintained by small numbers of hematopoietic stem cells (HSC) within the bone marrow (BM) that self-renew for life and give rise to a series of committed progenitors and all mature blood cells. 20 Multiple pathways that regulate cellcycle checkpoints, DNA repair, and apoptosis must be integrated delicately in HSPCs to regulate quiescence, self-renewal, and differentiation to guarantee maintenance of hematopoietic homeostasis throughout life. [21] [22] [23] For example, previous studies have shown that ionizing radiation differentially affects subsets of BM hematopoietic cells, with HSC being more radio-resistant. This phenomenon has been ascribed to the engagement of the nonhomologous end-joining (NHEJ) pathway for DNA repair in HSCs to secure their survival, whereas their downstream progeny are poised to undergo apoptosis. 19 Impairment of these fidelity control pathways can lead to genomic instability, hematopoietic malignancies, and BM failure. 24, 25 Indeed, exposure to a threshold level of genotoxic agents such as ionizingradiation or DNA-damaging chemotherapeutics causes the loss of HSPC, leading to myeloablation-associated side effects in patients. Hence, understanding the mechanisms by which HSPC respond to DNA damage is pivotal for improved clinical management of treatment-associated side effects in transplantation settings or during the course of antineoplastic radio-or chemotherapy.
Here, we report on the critical role of Parp-2, but not Parp-1, in preventing BM failure and premature death of mice exposed to sublethal doses of irradiation. The premature lethality observed in Parp-2 2/2 mice was associated with deficits in the DNA-damage response and increased HSPC apoptosis, rescued by p53 or Puma deficiency. Our results provide a novel role for Parp-2 as a mediator of HSPC homeostasis that may affect the improvement of radiotherapybased therapeutic strategies.
Methods
Mice, radiation, and BM transplantation 
Whole-blood analysis and histology
Blood was analyzed using Abacus Junior Vet Haematology Blood Analyzer. Histology details are indicated in supplementary Methods.
Flow cytometry, cell sorting, and ROS analysis
Cells were stained with various antibodies and analyzed with a LSRII cytometer (BD Biosciences) using DIVA (BD Biosciences) and FlowJo (TreeStar) software. Fluorescence-activated cell sorting was performed in a FACS AriaIISORP (BD Biosciences). Reactive oxygen species (ROS) levels were measured by suspending cells in phosphate-buffered saline containing 5 mM 5-(and-6)-carboxy-29,79-difluorodihydrofluorescein-diacetate. Details are available in supplementary Methods.
BrdU incorporation
Mice received a single intraperitoneal injection of BrdU (BD Biosciences; 1 mg/6 g mouse weight) and admixture of 1 mg/mL of BrdU to drinking water for 3 days. BM cells were surface-stained, fixed, permeabilized, and intracellularly stained using a BrdU Flow kit (BD Biosciences).
Colony formation assays
Hematopoietic progenitors in BM cells were evaluated by colony assays scored at day 7 using MethoCult M3434 methylcellulose semisolid medium (StemCell Technologies).
Immunofluorescence and comet assay
Immunofluorescence and alkaline comet assay on Lin 
Gene expression
Total RNA isolation, quantitative reverse-transcriptase PCR (RT-PCR), and microarray were performed as indicated in supplementary Methods.
Microarray data have been deposited into the Gene Expression Omnibus (GSE42022).
Statistical analysis
The log-rank test was used to determine the statistical significance of animal survival. All other statistical analyses used an unpaired Student t test. P values , .05 were considered significant.
Results
Parp-2-deficient mice show increased sensitivity to sublethal g-irradiation dose caused by BM failure Parp-2 2/2 and Parp-1 2/2 mice were shown to be very sensitive to high doses of whole-body ionizing radiation (8 Gy), probably because of acute radiation toxicity to the epithelium of the small intestine. 4 In contrast, low-dose radiosensitization was not apparent in Parp-1 For personal use only. on July 15, 2017. by guest www.bloodjournal.org From exhibited more severe decreases in RBC counts, whereas the decrease in WBCs was slightly more severe compared with WT mice only at day 12 ( Figure 1C ). BM cellularity in Parp-2 2/2 and WT mice was similar before irradiation and dropped significantly by day 4 post irradiation to similar levels. By day 6 after g-irradiation,
BM cells began to rebound and this recovery was less effective in Parp-2 2/2 mice compared with WT mice ( Figure 1D ). Histologic analysis revealed that by day 12 post irradiation, hematopoietic cell clusters had repopulated the BM of WT mice but not those of Parp-2 2/2 mice ( Figure 1E ). with WT in this competitive situation ( Figure 3C ). As expected, we observed an increase in engraftment of 2 Gy irradiation-exposed HSC, but a significant defect of engraftment of Parp-2 2/2 HSCs persisted ( Figure 3C ). Of note, BM cells from nonirradiated WT and Parp-2 2/2 donor mice showed comparable ability to repopulate the peripheral blood ( Figure 3C ). However, Parp-2 2/2 BM cells showed impaired repopulation potential in secondary transplants ( Figure 3D ). These results indicate that Parp-2 2/2 HSC function is compromised after expansion stress such as the one caused by irradiation or BM serial transplantations. compared with WT persisted (Figure 4G-H) . Similarly, the percentage of AnnexinV 1 LSK and MP cells was also higher in For personal use only. on July 15, 2017. by guest www.bloodjournal.org From Parp-2 2/2 than in WT mice (supplemental Figure 3) . These results suggest that restoration of hematopoiesis after sublethal irradiation requires Parp-2, most likely restraining the apoptotic response in HSPCs.
Loss of p53 or Puma, but not loss of Noxa, suppresses the radiosensitivity of Parp-2-deficient mice
To investigate the functional interaction of Parp-2 with the p53-mediated apoptotic pathway in HSPC, we generated mice lacking both genes and analyzed the effect of 5 Gy TBI. Parp-2 LSK and MP cells were similar to those found in WT cells (supplemental Figure 4) . Puma and Noxa play critical roles in p53-mediated apoptotic pathways. 27 Accordingly, we examined whether Parp-2 deficiency affects the induction of either of these p53 target genes by quantitative RT-PCR. Baseline Puma mRNA levels were significantly higher in Parp-2 Figure 5D ). By contrast, baseline Noxa mRNA expression was lower in Parp-2 2/2 than in WT LSK cells, whereas similar expression was observed in MP cells. Upon irradiation, Noxa mRNA levels increased, but this effect was less Figure 5D ).
To test the physiological significance of our findings, we generated mice lacking Parp-2 and either Puma or Noxa genes. Puma deficiency rescued Parp-2 2/2 mice from 5 Gy TBI-induced death, whereas the loss of Noxa had no effect ( Figure 5E ). In agreement with our survival data, we observed that the reduced RBC, WBC, and BM cellularity in Parp-2 2/2 mice, noted at day 12 post irradiation, was completely restored in a Puma-deficient but not in a Noxa-deficient background ( Figure 5F ). Indeed, p53 and Puma expression were significantly increased in Parp-2 2/2 compared with WT erythroblasts (supplemental Figure 5) .
Impaired DNA damage response in Parp-2-deficient HSPC LSK and MP cells from nonirradiated mice of both genotypes displayed extremely low levels of g-H2AX-positive cells, an indicator of double-strand breaks (DSBs), 32 which was markedly induced after exposure to 5 Gy TBI. By 2 hours post irradiation of mice, the numbers of g-H2AX-positive cells in Parp-2 2/2 LSK and MP cells was significantly higher than that noted in WT cells, suggesting an increased sensitivity to DNA damage ( Figure 6A-B) . These results were confirmed by immunostaining of g-H2AX and immunofluorescence microscopy (supplemental Figure 6 ).
We next subjected LSK and MP cells to an alkaline comet assay to assess induction and repair of DNA breaks independently from their signaling and processing markers. We observed a significant increase of cells displaying comet shape in LSK cells from Parp-2 2/2 mice at basal and at one and two hours post TBI compared with wild-type LSK cells ( Figure  6C-D) . We also observed a slight increase in MP cells from Parp-2 2/2 compared with WT mice before and 2 hours post irradiation.
To test whether Parp-2 deficiency impaired DSB repair, we quantified Rad51-containing ionizing radiation-induced foci and 53BP1-containing ionizing radiation-induced foci as markers of homologous recombination (HR) and NHEJ pathways, respectively. We observed a similar percentage of Parp-2 2/2 and WT cells with Rad51-positive and 53BP1-positive foci (supplemental Figure 7A-B) . We also analyzed the expression of HR and NHEJ components in LSK and MP cells by quantitative RT-PCR. Basal levels of HR and NHEJ components were either similar or higher (Rpa.a1 and Xrcc2) in Parp-2 2/2 compared with WT cells. Upon irradiation, similar or higher (Smc6 and Ku80) expression levels of these DNA repair components were found in Parp-2 2/2 compared with WT cells, except for Rad54 (supplemental Figure 7C) . Altogether, our data suggest that Parp-2 deficiency probably leads to elevated single-strand breaks, which are rapidly converted to DSBs in the S phase instead of a decreased in DSB repair per se. Gene-expression analyses of Parp-2-deficient HSPCs reveals changes in the DNA damage response pathways
To gain further insights into the effect of Parp-2 deficiency on HSPCs, we performed microarray on purified LSK and MP cells from Parp-2 2/2 and WT mice, both at 0 and 2.5 hours after TBI.
Bioinformatics analyses showed that in the absence of Parp-2, more prevalent gene expression changes were detected in the LSK population rather than in the MP population (supplemental Figure 8) . Clustering of all genes that changed between Parp-2 2/2 and wild-type cells is represented in Figure 7A . Gene Set Enrichment Analysis (GSEA) 33 showed enrichment for signatures of cell cycle, DNA replication, DNA repair, and apoptosis in PARP- 
Discussion
Here, we have shown that genetic inactivation of Parp-2 in mice, but not of Parp-1, resulted in BM failure in response to sublethal g-irradiation dose, providing the first evidence for an important and nonredundant role of Parp-2 to properly maintain hematopoietic homeostasis. Radiosensitivity in the hematopoietic compartment is determined by the severity of irradiation-induced apoptosis in hematopoietic cells during the acute phase, and by the ability of HSPCs to replace the damaged cells during the recovery phase. Our data indicated an increased sensitivity of g-irradiated Parp-2-deficient HSPCs to apoptosis, mainly myeloerythroid-restricted progenitors, which have the predominant role in short-term radioprotection. 34 Indeed, our microarray data show a significant enrichment for genes belonging to apoptosis pathway in Parp-2 2/2 compared with WT MP cells. Moreover, the irradiation-induced BM failure in Parp-2 2/2 mice was abolished in a p53-deficient background as well as in a Puma-deficient background, whereas loss of Noxa had no effect. Our data agree with previous reports showing that p53, through Puma expression, plays a critical role in the apoptotic response to DNA damage in hematopoietic cells, whereas Noxa is largely dispensable. 27, [35] [36] [37] Interestingly, our competitive BM transplant assays show that BM cells from irradiated Parp-2 2/2 mice also exhibited reduced repopulating efficiency than BM cells from irradiated WT mice, revealing a high sensitivity to low doses of irradiation of Parp-2-deficient HSCs, leading to impaired repopulating potential. Altogether, our data suggest a role of Parp-2 in the resistance of HSPC to p53-dependent apoptosis induced by g-radiation.
The increased apoptosis observed in HSPC from irradiated Parp-2 2/2 mice was accompanied by an increase in DNA damage, suggesting a specific role of Parp-2 in the DNA damage response in HSPCs. These data are in agreement with a report showing that BM cells taken from 2 Gy-irradiated mice presented an increase of chromatid breaks in the Parp-2 2/2 background, suggesting a DNA repair deficiency of radiation-induced damage, mainly in the S phase and during G2. 4 Interestingly, hypersensitivity to low-dose radiation has been proposed to be a consequence of ineffective cell-cycle arrest of radiation-damaged G2-phase cells. 38 Moreover, chromatid breaks occurred more frequently in centromeric regions in Parp-2 2/2 cells than in WT cells, thus providing evidence for a possible role for Parp-2 in the maintenance of centromeric heterochromatin integrity, 39 and a role in accurate chromosome segregation. 8 Interestingly, our microarray data reveal significant enrichment of a cell-cycle checkpoints pathway in irradiated Parp-2 2/2 LSK cells compared with WT, suggesting an effect of Parp-2 in LSK cycling in response to irradiation. However, we cannot rule out that changes in expression on cell cycle genes in For personal use only. Our results are consistent with a model (supplemental Figure 9 ) whereby under low levels of DNA damage caused by intrinsic ROS levels, inefficient DNA damage response in the absence of Parp-2 leads to cumulative DNA damage and activation of p53-dependent apoptotic pathways. However, this increased cell death may be compensated by an increase in HSC proliferation, which may actually also be cause or consequence of increased levels of ROS. 31 Our results suggest that this strategy is sufficient to replenish the hematopoietic compartment in basal conditions in Parp-2 2/2 mice.
Conversely, after exposing mice to sublethal doses of g-irradiation, high levels of DNA damage and massive cell death take place. In the absence of Parp-2, inefficient DNA damage response increases apoptosis of hematopoietic cells. In addition, HSCs that have been forced to proliferate more readily in the absence of Parp-2 appear to become even more vulnerable than their more quiescent HSC counterparts in WT mice, in agreement with published results. For personal use only. on July 15, 2017. by guest www.bloodjournal.org From
